Abstract-The performance characteristics of photonic-crystal light-emitting diodes (LEDs) are analyzed, taking into account the effects of both nonradiative recombination and photon reabsorption processes using multimode rate equations. It is shown that, in the presence of strong photon reabsorption, the optimum output efficiency and modulation rates are achieved when the width of the photon density-of-state distribution function is comparable to the width of the spontaneous emission lineshape of the active material. On the other hand, when photon reabsorption is weak, it becomes beneficial to construct high-Q cavities. Based on this analysis, the characteristics of different photonic-crystal LED configurations are discussed.
I. INTRODUCTION

L
IGHT emitting diodes (LEDs) are widely used as incoherent light sources in applications such as lighting and short-distance optical fiber communications. An important performance characteristic of an LED is the output efficiency, i.e., the amount of light extracted from the structure at a given input current. In addition, high modulation speed is important for short-distance communications applications, since higher modulation speed implies a larger information capacity.
It has recently been proposed that the output efficiency of LEDs can be significantly improved using a perfectly periodic photonic crystal geometry [1] . There are two principal reasons for this. First, photonic crystals create a band gap in the guided mode spectrum of the LED structure. The guided modes can be completely eliminated within the gap. Second, a photonic crystal creates an upper cutoff frequency for the guided mode spectrum. Thus, in both cases, the emitted light from the active material located inside the crystal can couple only to the radiation modes, resulting in significant enhancement of the light output.
A defect can be introduced into a photonic crystal geometry to form a microcavity [2] . Such a cavity will have a small modal volume and a high quality factor , which could potentially enhance the rate of spontaneous emission and, therefore, be advantageous for LED applications. [3] The following question natu- Publisher Item Identifier S 0018-9197(00)08141-0.
rally arises for photonic-crystal LEDs: Is there an advantage to using a high-cavity, or would a high-cavity hinder the performance of the LED? Previous studies of photonic crystal LEDs [1] - [3] have focused on the analysis of the optical modes. The electronic degree of freedom has either not been considered [3] , or has been approximated by an idealized dipole moment [1] . More realistic features of the electronic transition have not been incorporated. In particular, to our knowledge, photon reabsorption and nonradiative recombination processes have not appeared in the literature [4] . 1 In this paper, we elucidate the role that photon reabsorption and nonradiative recombination processes play in photonic crystal geometries. We present a rate-equation analysis which incorporates the essential aspects of electronic transitions. We apply the analysis to the output efficiency and modulation rate of photonic-crystal LEDs, taking into account both the photon reabsorption and nonradiative recombination processes. The paper is organized as follows. In Section II, we introduce the basic formalism, which captures the essential features of LEDs. In Section III, we then investigate the effect of photonic crystals on the performance characteristics of LEDs. Finally, the theoretical results are used to discuss a variety of photonic-crystal LED structures in Section IV.
II. FORMALISM
We shall study LED structures using rate equations. We consider a system made up of a group of upper electronic levels, and a group of lower electronic levels. The equations describe the dynamics of the total population of carriers in the upper levels, and the number of photons in the th optical mode , as follows:
Here, is the spontaneous emission rate into the th optical mode, is the nonradiative decay rate of the population of carriers in the upper levels, and and are the absorption and output coupling rate of photons in the th optical mode, respectively.
Equations (1) and (2) are closely related to similar equations used in describing microcavity LEDs and lasers [5] - [7] . In con- 1 After the manuscript was submitted, we became aware of the reference.
0018-9197/00$10.00 © 2000 IEEE trast to previous work, we treat here all optical modes within the spontaneous lineshape explicitly and on an equal footing, rather than focusing on the behavior of a single lasing mode while averaging the effects of all other modes.
For a two-level atomic system where the transition is homogeneously broadened, it can be shown from the Einstein relation that [8] ( 3) where is the occupation number of the lower level. In such a case, the spontaneous emission coefficient and absorption coefficient possess identical lineshapes. For realistic material systems, such as semiconductor or organic emitters, both the lower and the upper levels can be inhomogenously broadened. Population distributions in the lower and upper levels have to be taken into account explicitly in order to determine the correct relation between absorption and spontaneous emission spectra [9] . Equation (3) no longer holds. In this paper, we do not assume a two-level system, but rather incorporate explicitly both the spontaneous emission spectra and the absorption spectra of the active material.
We relate parameters and to properties of bulk materials. First, we note that, in a bulk material, (4) where ; total spontaneous emission rate; normalization volume; normalized lineshape function; density of photon states for the uniform bulk. Also, from (2) , in the absence of external pumping and output coupling, the number of photons in state can be shown to decay as (5) Hence, the absorption coefficient is related to the absorption rate as: (6) where is the index of refraction, and is the speed of light in vacuum.
In LED structures, the dominant effect on the total spontaneous emission rate is a change in the density of states, while the spontaneous emission rate into any individual state remains largely unaltered [10] . We can, therefore, use (4) to estimate the rate constant using measured bulk properties. This procedure will allow us to relate the LED performance to actual material parameters.
III. ANALYSIS
To study the output efficiency and modulation rate of an LED structure, we need to calculate the photon output rate from the th optical mode, which is defined as (7) and measures the number of photons that escape the high-index light-emitting structure per unit time. In studying the extraction efficiency, we use a time-independent excitation , and study the number of photons coming out of the structure. For the study of modulation, we assume that the excitation has a harmonic temporal dependence, i.e.,
. By investigating the analytic properties of as a function of frequency, we can obtain the temporal response properties.
A. Output Efficiency
Using (1) and (2), and a time-independent excitation , the output rate from the th optical mode is determined to be (8) We note that the spontaneous emission rate is accompanied by a factor , which implies that the presence of photon reabsorption, effectively speaking, reduces the spontaneous emission rate. Also, realistic LED devices always involve multimode output. Appropriate summation over the "relevant modes" is, therefore, required in order to correctly study the output behavior. Since what constitutes the "relevant modes" is dependent upon the application, below we study output characteristics in different application scenarios.
1) Display and Lightning Applications:
For applications such as display or lighting, it is usually desired to get as much light out of the structure as possible over the entire spontaneous emission bandwidth. In a photonic crystal LED, a bandgap is opened in the guided mode spectrum [1] . Within the gap, all the optical modes are radiation modes. Thus, when the spontaneous emission frequencies fall inside the gap, all available optical modes contribute to the output. We, therefore, sum over all available states to obtain the output, as given by (9) In the absence of nonradiative recombination, i.e.
, the extraction efficiency would be unity. Even the photons that are reabsorbed by the atomic system would eventually be reemitted and contribute to the output signal. When the nonradiative recombination is present, on the other hand, reabsorbed photons may eventually be lost through nonradiative processes. In order to achieve high output efficiency, it is clear from (9) that the effective total spontaneous emission rate (10) has to dominate the nonradiative recombination rate .
The relative rate of the radiative and nonradiative processes can be modified using a high-cavity. Here, is related to by , where is the center frequency. Methods for creating high-cavities are presented in Section IV. We begin by studying a simple situation where the photon reabsorption process can be ignored. Such a situation could occur for organic emitters, for example, where the energy levels of the molecules could be designed such that the absorption and spontaneous emission are spectrally separated [11] . We consider the effect of a resonant cavity in two limiting situations, as shown in the two panels of Fig. 1 . In Fig. 1(a) , the spontaneous emission linewidth is much narrower than the cavity linewidth. can thus be approximated by (11) where is the center frequency of the emission linewidth. Raising the cavity increases the density of states at the resonant frequency of the cavity, and indeed enhances the total spontaneous emission rate.
In the opposing limit, as shown in Fig. 1(b) , the spontaneous emission linewidth is much larger than the cavity linewidth. The total rate is instead approximated by (12) and is in fact pinned to the rate at the resonant frequency of the cavity. Narrowing the cavity linewidth beyond the material emission linewidth does not further enhance the total spontaneous emission rate.
For most semiconductor systems, both the absorption and emission processes occur between the conduction and valence bands. Significant absorption exists at the emission wavelengths. Photon reabsorption processes, therefore, cannot be ignored in general. From (10), photon reabsorption results in the reduction of the effective spontaneous emission rate for the th mode by a reabsorption factor . This factor decreases monotonically as the cavity is increased. In the low-limit, where , the reabsorption factor approaches unity and photon reabsorption processes play no significant role. Photon reabsorption processes become important when the output coupling rate is comparable to the reabsorption rate . In the high-limit, reabsorption dominates over output coupling, and the effective spontaneous emission rate and, hence, the output efficiency, approach zero.
By inserting (4) and (6) into (10), we find (13) Here,
is the density of states in the bulk material. In the photonic crystal, since the photonic bandgap suppresses guided modes at the emission frequencies, the only available optical modes within the gap are free-space vacuum modes and cavity modes. The density of states for the crystal is, therefore, assumed to consist of two parts (15) The first part in (15) is the free-space vacuum modes, while the second part describes a cavity mode with center frequency , width , and modal volume . We now present numerical examples for two important classes of light-emitting material systems, semiconductors and organic dyes. More specifically, we investigate GaAs and DCMII [11] material systems. Examples of the use of DCMII in light-emitting devices can be found in [11] and [12] . These two material systems are chosen since their emission properties are distinctively different. In GaAs, strong absorption occurs at the emission frequencies while, for DCMII, the absorption and emission peaks are spectrally separated.
The spontaneous and absorption spectra of GaAs at room temperature are taken from [13] , and plotted in Fig. 2 . The spontaneous emission spectrum peaks at a frequency 1.42 eV, with a full-width-at-half-maximum of 0.05 eV. The ratio between the center frequency and the width defines . In the case of GaAs, we find . The refractive index is taken to be 3.4. We assume a resonance mode with frequency centered at the peak of the spontaneous emission spectra, and a modal volume of , where is the center wavelength. Such a small modal volume is experimentally achievable in a photonic crystal system [14] .
The resulting as a function of is calculated using (13) , and plotted in Fig. 3 . At the low-limit, which corresponds to a cavityless structure, the effective spontaneous emission rate is reduced from that of the bulk value by a factor , i.e., A for the specific case where . The presence of the photonic bandgap results in a significant reduction of the density of photon states. Consequently, the spon- taneous emission rate is greatly reduced from the uniform bulk value. The density of photon states increases with . For small values of , photon reabsorption is not significant, and rises with . A maximum of 0.92 A is reached at a of 30, which is very close to . When becomes significantly larger than , photon reabsorption becomes important, and the effective spontaneous emission rate decreases with further increase of .
We vary the nonradiative recombination rate from 0.1 to 0.3 A and calculate the corresponding output efficiency, as plotted in Fig. 4 . The choice of here corresponds to an internal quantum efficiency varying from 90% to 78%, which is achievable in semiconductor systems [15] . The output efficiency shows the same qualitative behavior as . Maximum output is achieved when the of the structure is comparable to , and increasing beyond reduces the output efficiency. These quantitative results are consistent with the qualitative behavior discussed earlier.
The spontaneous emission spectrum of DCMII is taken from [11] , and plotted in Fig. 5 . The absorption is negligible throughout the emission wavelengths. The emission peak is centered at a frequency of 2 eV with a width of 0.25 eV. Assuming that these dyes are embedded in a high-index environment with a refractive index of 3.4, and that the resonance mode is centered at the frequency of the emission peak with a modal volume of , we calculate according to (13) and plot the values in Fig. 6 . In the low-limit, the spontaneous emission rate is reduced from the bulk value by a factor , similar to the semiconductor case. However, in contrast with the semiconductor case, increases monotonically with , and saturates when at a value of 1.3 A. The output efficiency, calculated with ranging from 0.1 to 0.3 A, is plotted in Fig. 7 . The results exhibit the same saturation behavior as . Hence, when photon reabsorption is absent, it becomes beneficial to construct high-cavities in order to enhance the output efficiency and the spontaneous emission rate. Such enhancement, however, saturates when . Often photonic crystal point defects are constructed with the purpose of increasing the effective total spontaneous emission rate. Depending upon the property of the material system, however, the enhancement might not always be achievable, as can be seen by comparing Figs. 3 and 6 . In general, enhancement can be best achieved in systems where photon reabsorption is weak, and where the spontaneous emission lineshape is narrow.
2) Communications Applications: Communications applications may require the use of a high-resonant cavity to narrow the emission linewidth below the natural emission linewidth of the material, in order to further improve the temporal coherence property of the emitted light. For this purpose, the cavity linewidth is necessarily smaller than the material linewidth, characteristic of the regime shown in Fig. 1(b) . Here, however, we are primarily interested in the output from optical modes that are controlled by the cavity. The output rate is computed by summing the numerator only over the cavity modes (16) Since the cavity linewidth is narrow, we assume that the spontaneous emission rate and the photon decay rates and do not vary appreciably over the cavity lineshape. Equation (16) can then be simplified as (17) Fig. 7 . Total output efficiency as a function of Q, for a photonic crystal LED structure using DCMII as the active material. where we assume that the cavity supports a single resonance such that . Interestingly, the behavior of a single-mode cavity resembles that of a single photon state as described in (8) .
Using (16), we calculate the efficiency of extracting light from the cavity, using the material parameters of GaAs and DCMII. The results are presented in Figs. 8 and 9 , respectively. Except in the limit of , the density of cavity states is always much larger than that of the vacuum states, as can be seen from (15) . The output from the structure is, therefore, dominated by the cavity output. The qualitative features of Figs. 8 and 9 thus closely resemble the total output from the structure, as shown previously in Figs. 4 and 7 . In the case where photon reabsorption is important (Fig. 8) , the output reaches a maximum when . On the other hand, in the absence of photon recycling (Fig. 9) , the output from the cavity increases monotonically as a function of , and saturates in the highlimit.
For certain applications in communications, one might instead be primarily interested in enhancing the spectral density of the output light at a given frequency . Following the derivations that lead to (17), we have (18) can be increased by introducing a cavity with a resonant frequency centered at , such that . In this case, the spectral density becomes (19) Using (18), we calculate for the cases of GaAs and DCMII. The results are shown in Figs. 10 and 11 , respectively. In both cases, the spectral density increases monotonically with . In the case where strong photon reabsorption is present (Fig. 10) , the spectral density saturates with increasing , since both the numerator and the denominator approach a constant in the high-limit. We note that the saturation threshold can be much higher than . Here, the level-off occurs when both conditions and are satisfied. When nonradiative recombination processes are weak, the latter condition determines the saturation threshold.
In the absence of photon reabsorption (Fig. 11) , the spectral density increases linearly with in the high-limit. Here, the numerator in (19) increases linearly, while , and hence the denominator, approaches a constant (Fig. 7) . Using a high-cavity is, therefore, effective in enhancing the spectral density. 
B. Modulation Rate
For communications applications, an important characteristic of an LED is the modulation speed. We first focus on the response behavior of a single optical mode. As we show later, all the optical modes in the LED structures have approximately the same modulation characteristics. Assuming a harmonic modulation of the pumping rate , the output in the th optical mode can be written as (20) When photon reabsorption processes are negligible, i.e., , and (20) has two poles in the complex plane. Both poles are located on the imaginary axis, one at , and the other at . The first one characterizes the rate at which the photon number in the th optical mode decreases in the LED structure, while the second pole characterizes the rate of electronic recombination. The response time of the combined electron-photon system is determined by the slower of the two processes.
The period of the light at a wavelength (in vacuum) of 1.55 m is roughly 5 fs. Photonic crystals offer the possibility of designing cavities with a wide range of s [14] , [16] , [17] . In the case where , the photon lifetime is on the order of several picoseconds. For modes that are not associated with a high-resonance, the photon lifetime typically is on the order of a few femtoseconds. Electronic recombination times, on the other hand, are typically on the order of nanoseconds in semiconductor [13] and organic dyes [18] . Since the modulation speed is limited by the slower of the two processes, the electronic recombination rate, which is a sum of the total spontaneous emission rate and the nonradiative recombination rate, clearly constitutes the limiting factor.
It is important to point out that the modulation property of a single optical mode is determined by the total spontaneous emission rate, rather than the spontaneous emission rate into the mode under consideration. Therefore, different optical modes, despite the difference in photon decay time, will have approximately the same modulation characteristics, as dictated by the slower electron recombination process. Summation over relevant modes, as we have done when discussing different output scenarios, will not affect the response characteristics.
To increase the modulation speed, it is, therefore, important to increase the total spontaneous emission rate. In the case where photon recycling is absent, such as the case of DCMII, the behavior of has been discussed in detail in the previous section (Fig. 6) . The maximum modulation rate is enhanced when the of the structure is increased. Such an enhancement saturates when the quality factor of the structure significantly exceeds . In the presence of photon reabsorption, the poles of the function can be obtained by solving the following equation:
Again, the modulation rate is determined by the pole with the smallest imaginary part, the position of which can be approximated by
Equation (22) is a self-consistent solution of (21), since as determined by (22) is far smaller than the photon decay rates and . The modulation rate is, therefore, determined by the total effective spontaneous emission rate , the behavior of which, in the presence of strong reabsorption, has been discussed in detail in the previous section, using GaAs as an example (Fig. 3) . Optimum modulation rate is achieved when the material linewidth and the cavity linewidth become comparable.
As can be seen by comparing Figs. 3 and 6 , depending upon the property of the material system, a photonic crystal may either enhance or suppress the maximum modulation rate. In general, enhancement can be best achieved in systems where the photon reabsorption effect is weak, and where the spontaneous emission lineshape in narrow. 
IV. DISCUSSION OF DIFFERENT PHOTONIC CRYSTAL LED STRUCTURES
Based on the previous discussions, it seems advantageous, depending upon the material characteristics, to use either a lowor a high-photonic crystal geometry. The low-geometry will be advantageous for material systems with a large emission bandwidth or strong photon reabsorption, such as some semiconductor-based emission systems, while the high-geometry will be advantageous for material systems with a narrow emission bandwidth or weak photon reabsorption, such as those based on organic emitters.
An example of a low-photonic crystal geometry is shown in Fig. 12 . A photonic bandgap is created in a guiding layer by introducing a perfectly periodic array of holes. A mirror is introduced to ensure that the output would come out only from the top surface. An active region is incorporated inside the guiding layer. Note that a bandgap in the guided mode spectrum can be opened up, even in the case where the holes do not go through the active region. Therefore, no active material needs to be removed, and the entire active region experiences the effect of the photonic bandgap. In this structure, no cavity is introduced, and the quality factor can, therefore, be made rather low. Such a de-sign could be suitable for some semiconductor based emitters when photon reabsorption is very significant.
Examples of photonic crystal LED structures incorporating high-cavities are shown in Fig. 13 . Fig. 13 shows a photonic crystal structure that is similar to the structure depicted in Fig. 12 , except that an array of point defects have been introduced in the lattice of holes. A quality factor of several thousand may be achieved using this design. However, since the mode is highly confined around the point defects, only a small portion of the active region is affected by the defect mode and the achievable enhancement is limited. Alternatively, a preferred embodiment might be a configuration where the cavity is created by sandwiching the guiding layer between two DBRs with no point defect introduced in the guiding layer. In this case, the entire active region experiences the effect of the cavity and maximum enhancement is expected.
V. CONCLUSION
In conclusion, we analyzed the performance characteristics of photonic crystal LEDs, taking into account the effects of both nonradiative recombination and the photon reabsorption processes. We showed that the design criteria for such an LED are strongly dependent upon the emission lineshapes and material absorption. These results will hopefully be useful as a guidance for achieving high efficiency and modulation rate photonic-crystal LEDs.
